Motivation: The evolution of protein sequences can be described by a stepwise process, where each step involves changes of a few amino acids. In a similar manner, the evolution of protein folds can be at least partially described by an analogous process, where each step involves comparatively simple changes affecting few secondary structure elements. A number of such evolution steps, justified by biologically confirmed examples, have previously been proposed by other researchers. However, unlike the situation with sequences, as far as we know there have been no attempts to estimate the comparative probabilities for different kinds of such structural changes. Results: We have tried to assess the comparative probabilities for a number of known structural changes, and to relate the probabilities of such changes with the distance between protein sequences. We have formalized these structural changes using a topological representation of structures (TOPS), and have developed an algorithm for measuring structural distances that involve few evolutionary steps. The probabilities of structural changes then were estimated on the basis of all-against-all comparisons of the sequence and structure of protein domains from the CATH-95 representative set.
INTRODUCTION
The evolution of protein sequences can be described by a stepwise mutation process, each step usually consisting of a small number of insertions, deletions or substitutions of amino acids in the protein sequence, or in some cases, permutations or rearrangements of sequence fragments. In most of the cases, such sequence evolution steps lead to very small changes in protein structure and generally do not change the protein fold. Still, it is known that there are a number of evolutionarily related pairs of proteins having different folds (Grishin, 2001) , implying that in some cases a small mutation in the protein sequence should lead to a change in the protein fold. In a proportionally large number of such cases the changes in the fold are generally small and, similarly as for sequences, can be described by insertions, deletions or rearrangements of a few secondary structure elements (SSEs). Consequently, the evolution of protein folds can be at least partially described by a stepwise process, each step involving a small change in the protein fold.
Several authors have suggested sets of such possible 'fold mutations', either motivated by biologically confirmed examples (Grishin, 2001; Kinch and Grishin, 2002) , or, in some cases, hypothetical sets (Matsuda et al., 2003; Przytycka et al., 2002) motivated by the exploration of known fold space.
The types of mutations mentioned earlier presumably are the result of accumulated point-mutations (indels and substitutions) in protein sequence. There are also a number of biologically confirmed cases where the likely cause of structural changes are circular permutations of protein fragments, caused by gene duplication and subsequent truncation of protein (Jung and Lee, 2001; Peisajovic et al., 2006; Weiner et al., 2005) . However, the current knowledge about these types of structural changes seems to be insufficient to propose a complete set of mutations of this type. There is also an interesting study (Lupas et al., 2001) , which for certain protein groups proposes 'pathways' of structure evolution involving both of these types of structural changes.
Nevertheless, the proposed sets of fold changes that are based on pointmutations usually are sufficiently rich to permit the transformation of any fold into another and are the ones usually considered in 'global' analyses of fold spaces. However, in contrast to sequence mutations, the existence of a valid fold mutation of such a type does not imply that folds are evolutionary related. The number of biochemically acceptable spatial folds seems to be limited, and there are a number of 'popular' folds, which as far as we know, contain several groups of evolutionary unrelated proteins, although there are fold groups within which all proteins are considered to be evolutionarily related (Holm and Sanders, 1997) . It is interesting to note that there are also some protein folds (e.g. b-helices) for which there exist a credible biological explanation how these might have evolved (Jenkins and Pickersgill, 2001) , however, the intermediate steps of such evolution appear to be absent from the set of known protein structures.
Thus, even if we were able to find the right set of all naturally occurring fold mutations and estimate the probabilities with which each of these mutations tend to occur, we would be unable to estimate the evolutionary distance of two proteins just from looking at their folds. Another difficulty is that we are unlikely to find such a good model of fold mutations for which probability estimates will be reasonably tight-for the ones suggested so far the probability of mutations is likely to be quite dependent on many other factors not covered by the proposed model. Still, interesting questions in their own right are what could be the comparative probabilities for the suggested fold changes, whether we are able to provide some estimates for them, and whether these probabilities are somehow related to the sequence distance between two proteins. Also, such probability estimates could permit the measurement of the evolutionary distance between two folds, although within large error bounds, under the assumption that they are evolutionarily related.
Regarding the relationship between structure and sequence similarities, the generally accepted point of view is that sequence similarity425% in most cases implies almost identical structure at fold level. However, it is also known that proteins with 50% sequence similarity could have completely different folds, e.g. the artificially modified Janus protein (Dalal et al., 1997) . Also in this work we have found several pairs of proteins with similar but different structures and sequence similarity 460-70%.
METHODS
The idea of our approach is to select one (or several) comparatively large sets of protein structures; for each pair of proteins within a set to compute both a distance between protein sequences and the smallest number of fold mutations that transform one protein into another; and then try to relate sequence distances with the number of fold mutations. If a particular fold mutation tends to occur between proteins with a sequence similarity that is noticeably above average, it could be argued that the mutations of this type are biologically significant. This also permits the computation of comparative probabilities of different mutations that have been found to be of biological significance.
Topological representation of protein structures
For our study we use a topological representation of protein structures that is largely based on TOPS (Michalapoulos et al., 2004; Westhead et al., 1999) with some features (chiralities, relative orientation of a-helices as well as b-strands from different sheets) ignored. Essentially a protein structure is represented as a vertex-ordered graph with two types of vertices (corresponding to a-helices and b-strands) and two types of edges between b-strand vertices (indicating that these strands are connected by hydrogen bonds, and are oriented either in the same or in the opposite directions). As an example, topological representation for CATH domain 1fjgQ00 is shown in Figure 1 .
Whilst there is no doubt that such a simplified representation of protein folds loses a significant amount of information, for example the size of SSEs and their spatial positions, it permits the construction of a reasonably simple formalization of evolutionary steps that can be applied to protein structures. Also, studies done using TOPS suggest that this representation distinguishes well between different folds, and that the cases when distinct folds have the same representation are quite rare (V" ıksna et al., 2003) , at least for proteins having a b-sheet rich structure for which this representation is best suited. The representation also corresponds very well to the level of abstraction used by other authors (Grishin, 2001; Matsuda et al., 2003; Przytycka et al., 2002) for describing the possible evolutionary changes of protein structure (i.e. it is well suited to describe such events as insertions/deletions/ permutations of SSEs).
The representations of protein structures used in this study were extracted by a simple program from the existing TOPS database. It should be noted that SSE assignments in TOPS are based on DSSP program (Kabsch and Sander, 1983) .
Evolutionary steps of protein folds
Probably the largest well-defined set of evolutionary mutations of protein folds, motivated by biologically confirmed examples, has been proposed by Grishin (2001) . The proposed mutations are the following (each of them can occur in both directions): 
loop $ b-strand (extension of sheet with a new b-strand at its end), Evolutionary structural changes in protein folds Matsuda et al. (2003) have studied the connectivity of fold space under the assumption that most of the mutations are of type 6; in this case the known protein structures can be clustered in $20 evolutionarily related superfamilies. A related work has been done by Przytycka et al. (2002) , although the authors do not consider directly fold mutations, but propose four 'folding motifs' from which a large part of all known b-folds can be constructed. Our choice of set of mutations is largely based on Grishin's proposal. However, partially in order to reduce the amount of computations and partially for reasons discussed later, we have not used 'substitution type' rules that can be easily split into subsequent 'deletion' and 'insertion' (e.g. the rule a-helix$b-strand can be replaced by two rules: a-helix$loop and loop$b-strand). In addition, we have visually inspected topological representations of proteins from several folds and have tried to detect typical topology variations within each fold. The choice of our rules/modifications is partially motivated by these observations. The set of fold mutations that we have used for our experiments is the following: The mutation types P, S3 and H are the same as types 3, 5 and 4 proposed by Grishin; moreover, our types AE and NE are just two subtypes of Grishin's type 6. The motivation behind type S2 is that there are many folds containing sheets with just two b-strands, which probably are more likely to form directly than by losing a strand from sheets with three elements (which is the only available option if this mutation is not permitted). Also, this mutation corresponds to the 'hairpin rule' given by Przytycka et al. (2002) . Mutation types JS, JB and W are largely motivated by our observations, type W being a specific subcase of type 8. Apart from the fact that a mutation of type S3 gives the same fold change as a sequence of two mutations S2 and AE, the proposed mutation types are 'practically' independent (i.e. one type cannot be expressed by a short sequence of other types). There are some situations when mutation of type W does not change a protein's structure (e.g. when applied to adjacent b-strands of a two element sheet), therefore, we only consider this mutation in cases when such a change does occur.
Algorithm for computing evolutionary distances
The problem of finding the smallest number of evolution steps that transform one given structure into another may be tackled by looking for the largest 'common part' of the two structures and then finding the evolutionary changes that explain the differences between these structures. This might appear to be the best option to solve the problem for a given pair of structures; however, finding the largest 'common part' in vertex-ordered graphs is already a harder problem than that of finding a largest common subgraph, which itself is a NP-hard problem. Our previous experience with algorithms for structure comparison (V" ıksna and Gilbert, 2001) using a similar topological representation suggests that such an approach will be infeasible when computing all-against-all comparisons for datasets containing around 1000 structures or more.
Alternatively, one can try to compute all possible 0 to n-step evolutionary modifications for each of the structures and then split the set of all such modifications into classes of equivalent structures. Each pair of these equivalent structures will correspond to an evolutionary process involving from 1 to 2n steps which transforms one structure into another. This method clearly puts strong limitations on the number of evolutionary steps that can be reconstructed; however, for a small number of steps this approach could be far more efficient than solving the problem for each pair of structures separately. In our experiments, we have used a value of n ¼ 1, which permits the computation of distances of up to 2 evolutionary steps. A realistic upper bound for data sets of 1000 structures would appear to be n ¼ 3, which could be achieved by using dedicated hardware.
However, the hardness of the problem actually derives from the fact that in general, the comparison of b-sheets is a difficult graph problem. Computing just the number of helix inserts/deletions is a trivial string comparison problem, solvable in linear time. Thus, we have subdivided the problem into two parts: we employ an exhaustive search to look for 0-2-step evolutionary modifications involving only b-strands, and then for each pair of structures that are related when ignoring the positions of helices, we compute the additional number of helix inserts/deletions that are necessary to transform one of the structures into another (there is no upper bound of helix insertions/ deletions that can be computed in this way). Such an approach significantly reduces the search space, since by ignoring the positions of helices the number of possible modifications for each structure is considerably reduced.
Note that when computing all possible evolutionary modifications, one needs to use each of the mutation rules in both directions (with the exception of type W, which is identical with its inverse). Also, we consider only those mutations that do not involve a-helices (i.e. we exclude type H). Thus, in our case, for each protein we have to apply 15 different mutations, each in all the possible positions in which it can be used.
In more detail, the algorithm for finding evolutionary distances d ij and corresponding sets of mutations m ij between all pairs of protein folds p i , p j 2 S is as follows. We assume that each protein p i is represented as a pair hs i , h i i, where s i is a topological representation for a protein's b-strands only and h i encodes the information about the positions of a-helices with respect to strands in s i . R 0 ¼ {S2, S3, AE, NE, P, JS, JB,W } denotes the set of 'primary' mutations; the inverse mutation of x2R 0 is denoted by inv(x); and R ¼ {x | x2R 0 _ inv(x)2R 0 } is the set of all 15 available mutations (described earlier); 0 denotes the 'empty' mutation (which leaves the protein unchanged).
ALGORITHM. Evolutionary distances.
(2) For each protein s i , h i h i2 S, each mutation r k 2R and each position l in s i , in which mutation r k could be applied, compute the pair r k ðs i , l Þ, r k , where r k (s i , l ) is a protein obtained by applying mutation r k in position l of protein s i . (c) If
For the data sets we used, which contained $1000 protein domains with up to 70 SSEs in each domain, there were on average $250 mutations for each domain, and the encoding for each structure required $600 bytes of memory. The running time of the program was $15 s on 3 GHz processor with memory requirements of $150 MB. This implies that finding of up to 4 strand mutations (n ¼ 2) could be done in few hours of time, but would require 40 GB of RAM memory; case n ¼ 3 (up to 6 mutations) would require a couple of weeks and 10 TB of memory.
The choice of representative sets of protein structures
Our data sets are based on domains from the CATH (Orengo et al., 1997) classification. One motivation for the use of CATH is that CATH domains are relatively small in comparison with those of SCOP. Hence, fewer mutational changes could be expected between two domains. CATH version 2.4.0 was used, for the reason that the TOPS database contains domains precomputed for this version.
However, for convenience we use here the CATH version 3.0.0 naming conventions for protein domains. Since most of the mutation rules involve b-strands, only those domains with a rich b-sheet structure have been selected, that is only proteins from CATH class 2 (proteins with mainly b-strands, usually also containing some a-helices) and class 3 (mixed a-b proteins). The proteins from classes 2 and 3 were treated as separate sets, because very few 'short' evolutionary relations are to be expected between these groups, and also to check how similar will be the probability estimates obtained for these two sets.
A more complicated question was the selection of representative sets for these classes. Ideally all existing folds should be contained in the representative set and each fold should be represented proportionally to the number of proteins from this fold that occur in nature. Other issues are the resolution/quality of the structures and whether one should use engineered proteins. Besides that, in order to obtain statistically more significant results, it is desirable to use as large representative sets as possible.
Several versions of representative sets were evaluated. Initially we have tried to use all domains from the corresponding CATH classes (the nice advantage of this approach was much larger sizes of data sets), however, it turned out that inclusion of proteins with too similar sequences severely biased results. There are two reasons for this: practically all structural differences observed for very similar proteins had to be attributed to DSSP 'noise', and these sets included groups of similar proteins that are largely overrepresented due to being a subject of intense studies.
Reasonably stable results were obtained by using the CATH-95 representative set (containing proteins with up to 95% sequence similarity) of protein domains, and this set was used for the results described here (having removed structures obtained with NMR technology as well as those with a resolution greater than 3 Å ). Also, just one (random) representative protein was selected from sets of proteins having the same topological depiction. This was probably the most problematic decision, since there seem to be two reasons for topologies containing many proteins-either these topologies are 'preferred' by nature, or they just contain groups of proteins that are the subject of intense studies (not all such groups could be eliminated by threshold on sequence similarity). Unfortunately, whilst the inclusion of the first type is probably motivated, according to our observations the inclusion of the second type of topologies may severely bias the statistics.
The representative set obtained for CATH class 2 contains 685 domains and the representative set for CATH class 3 contains 1182 domains. In this article, we refer to them as CATH2 and CATH3 respectively.
RESULTS

Some examples of fold mutations
We have visually inspected a number of proteins pairs, which according to the results of our program were linked by fold mutations. Although a number of such cases where clearly attributable to the ambiguity of splitting a domain into SSEs (especially for protein pairs with high sequence similarity and/or for mutations of type H ), in most cases where sequence similarity suggested that the proteins are evolutionary related the discovered fold change also appeared to be biologically motivated.
As it seems that in general, there is no a single authority regarding secondary structure division in strands and helices. As a reference we used ribbon-style representations provided by CATH.
Figures 2 and 3 show examples involving sheet insertions and sheet extensions (these are the types that were detected between protein pairs connected by just one fold mutation). 
Evolutionary structural changes in protein folds
Estimations of probabilities for fold mutations
Experiments were performed separately on sets CATH2 and CATH3. For each pair of proteins, we computed both the similarity between protein sequences by using the ssearch implementation of Smith-Waterman algorithm (Smith and Waterman, 1981) , and the minimal number of structural changes by using our program. The sequence similarity between two proteins P 1 and P 2 was represented by a normalized score, computed by sw score P 1 , P 2 ð Þ=max sw score P 1 , P 1 ð Þ, sw score P 2 , P 2 ð Þ È É :
Normalized scores were rounded up to integer values and for each d from 0 to 100 and for each type of fold mutation X we computed the values e(X, d, 1) (the number of observed mutations of type X between pairs of proteins that differ by one fold mutation and having sequence similarity d ) and e(X, d, 2) (the weighted number of observed mutations of type X between pairs of proteins that differ by 2-fold mutations and having sequence similarity d ). The weighted number of mutations was computed by increasing the value e(X, d, 2) by 1/m for each mutation of type X observed between a pair of proteins with m different two-step fold mutation paths between them. Let n(d ) denote the total number of protein pairs in a test set with sequence similarity d. Then the values e(X, d, 1)/n(d ) and e(X, d, 2)/n(d ) give the probability distributions for type X mutation, obtained by taking into account protein pairs with one or two fold mutations between them. The value
is the probability that two random proteins with sequence similarity d will be connected by t-fold mutations, at least one of which involves a mutation of type X.
We start with two observations. First, since the data sets contain few pairs of proteins with large sequence similarities (Fig. 4) ; the observed mutation probabilities in this region are quite random. Although few structurally different proteins were noticed even with very high sequence similarity (e.g. 490%), these instances were attributable to inaccuracies caused by how the DSSP program splits proteins into SSEs. Reasonably smooth distributions were obtained for sequence similarities of up to 50% (for CATH2 in some cases of up to 70%), thus we restricted our attention to the similarity interval from 0% to 50%. Interestingly this 50% upper bound coincides with 50% bound for 'Paracelsus challenge' (Rose and Creamer, 1994) , however, this is likely to be a coincidence (we just have too few protein pairs with larger sequence similarities to have meaningful results in this similarity region).
Secondly, the observed number of helix mutations (type H ) is much higher than the total number of all other mutation types together (Fig. 5) , especially for CATH3; this type is also the most affected by DSSP 'noise'. As a result, we can just claim In this and all following diagrams, x-axis represent sequence similarity, and values on y-axis show the relative probabilities of different types of fold mutations observed for pairs of proteins with this sequence similarity. that mutations of type H are the most frequent, but cannot give motivated quantitative estimates. Also, this means that when counting probabilities for strand mutations we should consider protein pairs that are additionally separated by few helix mutations as well. Further, by Ás and Áh we correspondingly denote the numbers of strand mutations and helix mutations.
The overall estimates of probabilities for most of the types of mutations obtained for Ás ¼ 1 and Ás ¼ 2 were roughly consistent. However, the distribution for Ás ¼ 1 is quite noisy (Fig. 6 ) due to the small number of data points. Nevertheless the results indicate that most frequent types of mutations are AE, NE (sheet extensions) and S2. An interesting observation is that no mutations of types S3 and W were detected for Ás ¼ 1, although these types are equally likely as type S2 for Ás ¼ 2 (a possible explanation might be that their impact on overall structure is so large that they may occur only together with some other changes). Figure 7 depicts the distribution of probabilities of mutation types NE, AE, S2, S3 and W, obtained for CATH2 with Ás ¼ 2 and either Áh 3 or Áh þ1. Although it is clear that permitting a high number of helix mutations leads to the inclusion of 'false homologues' in the results, overall the probability distribution does not change much between Áh 3 and Áh þ 1. The probability of fold mutations becomes noticeable when the sequence similarity exceeds 10%. Because the average similarity between random pairs is 6%, this suggests that mutations are more likely to indicate that the proteins involved are homologous, rather than reflecting random relationships between folds.
Typical estimates for a sequence similarity threshold above which proteins are likely to be homologous are $25% (Brenner et al., 1998; Gan et al., 2002) . Thus regions above this threshold can be used to estimate the comparative probabilities for different types of mutations. Note, however, that probability values remain reasonably 'stable' within the 15-50% sequence similarity range.
The observed probabilities for types P, JS and JB are noticeably smaller than those for types AE, NE, S3, S2 and W, and are shown in Figure 8 (type S2 is included for comparison). These values are also relatively stable within the 15-50% sequence similarity interval.
Figures 9 and 10 show probability distributions obtained from set CATH3. The qualitative comparisons between different types of mutations are generally the same, with AE and NE being the most frequent, followed by S2, S3 and W, although the quantitative differences are probably somewhat smaller. In general, the curves are more 'noisy'; this could be explained by the presence of a smaller number of pairs of proteins with larger sequence similarity in CATH3 compared with CATH2. Table 1 shows the relative probabilities for strand mutations obtained from both data sets CATH2 and CATH 3 by using different values of Ás and Áh. The probabilities have been computed given the assumption that a strand mutation has occurred (i.e. the sum of probabilities for all types is 1) and are based on probability distributions within the interval of 15-50% sequence similarity. The number of data points on which are results are based is also shown.
In general, just three sets of values (CATH2 with Ás ¼ 2 and Áh 3 or Áh þ1, and CATH3 with Ás ¼ 2 and Áh 3) are based on a sufficient number of data points to be trusted. Nevertheless the probabilities obtained are reasonably consistent. A notable is the difference between the probabilities for sheet extensions, and also for the creation of new sheets, between the CATH2 and CATH3 data sets (CATH3 has smaller probabilities for types AE and NE, and, correspondingly, larger probabilities for types S2 and S3). However, dissimilar results for different classes of protein structures are not particularly surprising, since the model of protein structure considered here is a generalization that ignores many aspects that may affect the real probabilities of fold changes. Evolutionary structural changes in protein folds
DISCUSSION
Our results provide some empirical justification regarding certain types of evolutionary fold changes, based on a model that incorporates a formal description of structural evolutionary modifications, and also shed more light on the details of such changes. In particular they confirm that sheet extensions are the most frequent fold change of those that involve b-strands (as suggested e.g. in Matsuda et al., 2002) with the overall probability for sheet extension being $50-65%.
Although the probabilities for types AE and NE are very similar (slightly larger for NE ), suggesting that it is equally likely that a sheet will be extended by a new strand either in sequentially adjacent or non-adjacent positions, the number of adjacent positions is noticeably smaller (i.e. just two) compared with all potential positions. This implies that it is more likely that a sheet will be extended by a new strand in a sequentially adjacent than in another position. The next most popular types of fold change appear to be S2, S3 and W, occurring in 5-15% of all cases. Types P, JS and JB appear to be the least frequent, occurring in 0-5% of cases. Some problems with the available protein structure data sets need to be recognized, which are unlikely to be remedied in the near future. The coverage of structures in the PDB is biased for several reasons. First due to limitations of the currently available techniques structures can only be determined for a subset of all proteins. Secondly due to a lack of resources in the scientific community, only a subset of structures that J.V" ıksna and D.Gilbert can in principle be determined are in fact solved, the choice of targets being largely influenced by the interests of the scientists involved. Our future research aims in this area include the development of tractable algorithms to increase the maximum evolutionary distance that we can compute, with the goal of being able to determine the distance between any pair of proteins in a reasonable time. We also plan to develop a quantitative method to estimate the probabilities of helix insertions/ deletions in comparison with mutations involving b-strands. This will then allow us to determine the evolutionary relationships between all the members of a given set of proteins, and hence to obtain further insights into evolutionary fold space. 
